Similar dNOy values were also obtained in air masses sampled over the US continent.
Abstract.
The median value of dNOy in the stratosphere at the NAFC region at 8.5 -ll.5 km was about 120 pptv. The higher dNOy values in the LS were probably due to the accumulated effect of aircraft emissions, given the long residence time of affected air in the LS.
Introduction
Nitrogen oxide radicals (NOx = NO + NO2) play a critical role in the photochemistry of ozone (03) [Brasseur et al., 1996] . The emissions are especially extensive in the North Atlantic Flight Corridor (NAFC) region, where commercial air traffic is heavy at altitudes between 10 and 12 km [Baughcum et al., 1996; Gardner, 1998 ]. The maximum increase in NOx in the NAFC region was estimated to be between 50 and 90 parts per trillion (pptv) at 200 hPa for July, based on several 3-D model calculations using a 1990 fleet of subsonic aircraft [Brasseur et al., 1996, 1998 and references therein] . Sharp increases in NOx concentrations within aircraft contrails were observed in the eastern NAFC region and an aircraft source was successfully identified in some cases [Schlager et al., 1997; Klemm et al., 1998 ]. Although the large-scale effect (e.g. corridor effect) from aircraft emissions is more difficult to evaluate from the observation, a regional scale enhancement in NO/NOy ratio was identified in the LS over the east coast of the US continent by comparing the observed ratios with those of trajectory model calculations [Witte et al., 1997] . et al. [1999] .
In this paper, the impact of aircraft emissions on amount of reactive nitrogen was estimated using the NOy-03 correlation. This is because a positive correlation between NOy and 03 was generally observed in the UT and LS [Murphy et al., 1993; Ridley et al., 1994; Kondo et al., 1996] and the aircraft emissions can alter their correlation [Koike et al., 1997] . In Plate 1, a correlation plot between NOy and 03 using all of the 10-s SONEX data obtained above 8.5 km are shown. In this plate, we excluded the data obtained within aircraft plumes, influenced by lightning, or affected by recent convective transport, as described in detail in the following section. As seen in this plate, the NOy values at 45°N -60°N and those over the US continent are generally higher than those obtained over the west coast of the US and at 30°N-45°N and 60°N-70°N, where air traffic density is lower.
As described in the following sections, a reference NOy -03 relationship will be derived using data from air masses, in which aircraft emissions are considered to have little impact, i.e. "background air". The excess NOy (dNOy) will be estimated using this reference relationship. The statistical analyses of these dNOy values will be made for the data obtained at 45°N -60°N over the Atlantic (corresponding to the NAFC) and the US continent. The exess NOx (dNOx) will also be estimated using the reference NOx/NOy ratio in the background air.
Measurements and Data

Measurements
The et al., 1982; Mahieu et al., 1995] . The conversion efficiencies of NH3 and CH3CN were also measured in the laboratory at 1-3 and 0.5-2 %, respectively. Assuming mixing ratios of NH3 and CH3CN in the UT of I pptv [Ziereis et al., 1998 ]. As a result, they agreed within 30 % and 10 %, respectively, at altitudes above 7 km. Simplified chemistry was used in this study to maximize the amount of NOx data.
In this study, 10-s averaged data of O3, N20, and CO were also used. The 03 measurements were made using a chemiluminescence technique, and N20 and CO were measured using a tunable diode laser system. The concentration of condensation nuclei (CN) with a diameter larger than 15 nm (CN fine particle; TSI model 3760) [Anderson et al., 1999] was also used in this study. [Sugita et al., 1999; Anderson et al., 1999] . These air masses were most likely sampled within aircraft plumes. The increase in the 1-s NO and NOy data ranged from 100 pptv to a few ppbv. The time duration of the enhancement ranged from 1-s to et al., 1997; Gerz et al., 1998 ]. Although the size of the NOy enhancement observed from the NASA DC-8 depends on the geometry of the plume crossing, the maximum size of the observed plume was comparable to these estimates. These estimates were also consistent with a plumeageof 10 minutes to 10 hours estimated using peak NOy mixing ratios observed during SONEX [Anderson et al., 1999] . In this study, the data obtained within the plumes were excluded in the evaluation of the large scale impact from the aircraft emissions. This was because the sampling frequency of the plumes depends on the location and time of the measurement (many plumes were observed when the measurements were made in air masses just after heavy air traffic had finished) and an inclusion of these data could be a potential cause of a bias in estimating the aircraft impact. The excluded data corresponded to 6 % of the entire data set at the 8.5 to 11.5 km altitude range. Because they were relatively small amount, the results of this study would not change significantly even the plumes were included in the analyses.
A clear signature of NO production by lightning was seen during four flights, on 971013, et al., 1999; Pickering et al., 1999] . In these cases the NOx and NOy mixing ratios increased more than 1 ppbv and NOx/"NOy ratios ranged between 0.4 and 1.0 suggesting that NO production by lightning had occurred within a few days prior to the measurements. These results were generally consistent with the analyses of the air mass trajectories, convective activities using cloud images, and lightning activities detected by the US ground based lightning network [Thompson et al., 1999; Pickering et al., 1999] . Possible influences from the lightning were also observed on 971020 and 971028. In this study, all of the data likely to have been influenced by NO production by lightning were excluded. It should be noted, however, that the influence of lightning cannot be identified in an air mass, once the NOx in the air mass is diluted down near the background level. Consequently we could not completely remove from our analysis the data which might have been affected by NO production from lightning. The contribution from lighting will be revisited in Section 3.2.3.
971029, 971103, and 971109 [Thompson
The vertical profile of the CO in the troposphere is shown in Figure 2 using all of the data except for those obtained from aircraft plumes and clearly influenced by lightning.
The median values and 67 % ranges in the NAFC region are also shown. As seen in this figure, the CO mixing ratio generally decreased with altitude and the median values were between 76 and 82 ppbv at 9 to obtained in the continental or maritime air masses in the UT over the middle to high latitude western Pacific in September and October [Kondo et al., 1996] . In Figure 3 , a correlation plot between NOy and CO is shown using the data obtained at altitudes above 8 with increasing mixing ratios of these hydrocarbons and halocarbons for NOy mixing ratios higher than 300 pptv (not shown). C2H2, C2H6, C3H8, and C2CI4 are emitted in urban areas.
CH3I and
CHBr3 are considered to be good indicators of maritime air mass. The photochemical lifetimes of these species are comparable or shorter than that of CO. Consequently, the lack of a clear correlation of NOy with these species further confirms that the data selected in this study were generally free from the recent convective transport of air influenced by urban and other surface sources.
3.Results and Discussion
Reference NOy-O3 Relationship
To estimate the increase in the NOy mixing ratio due to aircraft emissions, we utilized a method that uses the NOy-O3 relationship. In this method, a reference
mOy-O3
relationship was estimated using data in air masses upon which aircraft emissions were believed to have had little impact, i.e.
"background air masses". To select the background air masses at 8.5-11.5 km, two independent approaches were taken. As described below, the agreement in the estimates on the excess NOy derived from these two approaches was evaluated and the first approach described below was used for the further analyses. For the second approach, the CN concentration was chosen as the criterion. This is because within the plume of the aircraft, enhancements of the CN value were often observed simultaneously with enhancements of the NO and NOy [Anderson et al., 1999] . Consequently, relatively higher CN values can be expected when an air mass is influenced by aircraft emissions. As shown in Figure 5 , the CN concentration increased with altitude both in the UT and LS. These vertical profiles could partly be due to aircraft emissions which are most intensive at altitudes between 10 and 12 km. In fact, the analysis made by Kondo et al. [1999] showed that the CN fine particle concentration positively correlated with the NOx mixing ratio and NOx/NOy ratio in the LS air masses obtained (Figure 5 ). These data corresponded to 28 and 47 % of the UT and LS data. As for the "low ANOy reference", a median NOy value was calculated for each l0 ppbv 03 range and a linear relationship was calculated for the UT and LS data separately (Figure 4 , denoted as the "low CN reference" hereafter).
The dNOy values were calculated for every 10-s data using this relationship. 
Validity and Uncertainty
Stagnated air mass within the NAFC region.
A clear indication that aircraft emissions had caused an increase in dNOy was seen in air masses sampled during the flight made at the eastern NAFC region on 971023 ( Figure  1) . The correlation plot of NOx-dNOy obtained during this flight is shown in Figure 9 . Most of the dNOy was found to be in the form of NOx, suggesting that the NOx input had been made within the lifetime of NO_ of about 5 days (UT at 40N-60°N) . were 37 and 77 ppbv and they changed little throughout the flight. Consequently, most of the change in NOx and NOy was quite likely due to aircraft emissions.
The median and maximum value of the ANOy(10-d) were 71 and about 300 pptv, respectively, at altitudes between 9.5 and 11.5 km.
Almost all of the input from aircraft was made within the last 5-d in this calculation. The median and maximum value of the dNOy were 42 and about 200 pptv, respectively, in the 9.5-11.5 km altitude range. These data clearly indicate that aircraft emissions can raise the levels of NOx and NOy over a large region and the effect was successfully detected by the method used in this study.
Vertical Profile of dNOy
In the NAFC region of the troposphere, the dNOy values were close to zero at altitudes between 7 and 9 km, suggesting minor impact from aircraft emissions (Figure 7 ). At altitudes above 9 km, dNOy increased with altitude, reaching 43 and 71 pptv at 10 and 11 km, respectively. (37 and 66 pptv at these two altitudes when the low CN reference was used.) The medians of the dNOy/NOy ratio at these two altitudes were 16 and 21%; i.e., about 20 % of the NOy in the UT likely originated from aircraft emissions. These results are also summarized in Table 1 .
As described above, the model input NOx value along the air mass trajectory, ANOy, was calculated for each data point. Consequently, a statistical analysis can be made on the ANOy value for the same data set from which the dNOy values were calculated. In Figure 7 , the median values of The median value of dNOy in the UT over the US continent region was calculated using all of the data obtained at 8.5-1 i.5 km range ( Figure I1 and Table I ). This was because the amount of the data was not sufficient to derive a vertical profile of the dNOy values. The median value was 32 pptv, comparable to the 28 pptv in the NAFC region. Although the data over the US continent was obtained from only two flights and the amount of data was smaller (4790 versus 1539 10-s data), the results here suggest a similar effect from aircraft emissions in the two regions.
Themedian valueof dNOyin theLS wascalculated forthe8. 
Relationship of dNOy with NOxfNOy, CN, and 03
In Figures  12a-12d In Figures  13a and 13b , the correlation plots between dNOy and 03, and NOx,tNOy and 03 are shown using both the UT and LS data in the NAFC region. 
Estimation ofdNOx in the UT
The ratio between excess NOx (dNO_) and dNOy was estimated from the following expression: (model NOx input along the 10-d back trajectory) lower than 40 pptv. In Figure 14 , a vertical profile of the median NOx/NOy ratio in the background air masses is shown with that in air masses in the NAFC region. The NOx/NOy ratios in the NAFC region were systematically higher than those in the background air masses. Using these NOx/qqOy values and the dNOy/NOy values shown in Table 1 (low reference), dNOx/dNOy was calculated for each 1 km altitude level. As a result, the dNOx/dNOy ratio was estimated to be 0.54 and 0.38 at altitudes of 10 and i I km, respectively. Even if the median NOx/NOy values in the low CN air masses were used for the reference, similar results wereobtained (Figure14).Furthermore, evenif onlythedataat 45°N-60°Nwereusedfor the reference to eliminate a possible effect fromthechange in theNOx/NOy ratio with latitude, similar results were obtained. These results suggest that about half of the excess NOy was likely to be in the form of NOx in the UT. Using an average dNOx/dNOy value of 0.46, we found the excess NOx to be 20 and 33 pptv at 10 and 11 km, respectively.
The dNOJNO_ ratio can be also expressed using the NOJNOy ratio and dNOy/NOy ratio by transforming the equation (1). Using the same values shown above, we estimated that 30 % of the NOx at 10 and I 1 km was likely to have originated from aircraft emissions in the UT.
Summary
The large scale impact of aircraft emissions on reactive nitrogen in the UT and LS was estimated using the NOy • .J_: {;:":.. 
